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turbulence « of the free jet, attention was given at the Iowa Sctilhe of Hydraulic 


Research to the « design ofa fixed | monitor, a a portable monitor, and a nozzle at 


will reduce the turbulence of the flow toa practicable 1 minimum. . The under- 


_lying principles which the design were e based a are in n this 


In 1888 John R. Freeman published a prize- ‘winning paper on » 


‘that i is still the most widely accepted treatise on this subject, despite great 
advances i in nearly every other phase of hydraulics. Lack of further progress 
in this particular field has been due in part to the excellence o of Freeman’ s- 


cea and in part to apparent—but fallacious—corollaries of perfectly 


* The most frequently quoted of Mr. Freeman's s results are his his coefficients of 
nozzle discharge, det determined with a ‘precision that would be acceptable even. 
under present- -day s standards. For well- faired nozzles” yielding a negligible 
‘ contraction of the free jet, he found the coefficient C in the cu ustomary | discharge 
: equation | to be within less than 2% of unity. , Repeated efforts during the inter- 


7 vening years s to improve flow conditions by changing the boundary curvature, 


Nore.—Written comments are invited bead ‘publication; the he last discussion should be submitted by 

1 Director, Towa Inst. of Hydr. State Univ. City, 

2 Head, Dept. of Mechanics and Hydraulics, State Univ. of Iowa, Iowa City, lowe. 

3 Associate Prof., Dept. of Mechanics and Research Engr. tows Inst. of Hydr. 

Sta State Univ. of Iowa, "lowa City, Iowa. 
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FIRE MONITORS AND ‘NOZZLES 


the outgrowth of this situation. First, the most efficient nozzle is 
considered - to be that for which the discharge coefficient i is “nearest unity— 
despite the facts that : a | contracting jet is known to yield a somewhat higher 


“ones jet yields a considerably lower efficiency, even though the value of 
may then be greater than unity. since nozzles that are now 


A stream from any standard nozzle i is, needless to say, a meaty oo 


physics of. fall, , particularly in a a po wind. 
_ between theory and practice are attributed almost entirely to the unavoidable 
drag of the air upon t the water that has left the nozzle. Indeed, it was not . 
until 1943, when it we was discovered that lengthening the barrel of a fire-boat — 
ppovenet increased the carry of the stream some 30%, that attention was 


finally focused upon the true source of fire-stream 1m inefficieney: the turbulence 
os Since the investment of the Coast Guard for fire- -fighting equipment during = 
4 _ World W ar Il involved a very considerable s sum, , it was decided before the end 


design. The Iowa Institute of Hydraulic Research ‘aie 
“the Institute”) was commissioned i in 1944, as one phase of its contract with 


both fixed and portable ‘monitors rs and nossles, culminating | in complete | per- 
formance characteristics of the recommended designs. 
UNDERLYING -PrincipLes oF Flow 
Flow Equations.- a clear of fire- monitor 


Ve... 


2 


states that the total ne section is to the total head 


the next ‘section plus the intervening losses The total head H at any 


a ee “Elementary Mechanics of Fluids,’’ by soemiand Rouse, John Wiley & Sons, Inc., New York, N. Y 


a 

outlets is taken as indication of an equally high efficiency as fire-stream pro- A PY, 
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that: thee ratte: of flow equaall to the product of the cross-sectional area 

4 : of a conduit and the mean velocity V at that section, must be the same at all | 

oa --- guecessive sections. The equally simple equation of energy (known as the a 


in which g is the accelerati ian ” More specifically, the total head H 
represents the height to which water will rise in an open manometer column 
connected to the tip opening | of a Pitot tube, the piezometric head / h the height: 
ina column connected to the side « opening of a Pitot tube (or toa _piezometer 
in the pipe wall), and the velocity head v2/2 g the difference between these 
two. The piezometric head is in turn equal to the sum of the pressure head 


n which p is the pressure intensity relative to that oft the atmosphere (as (as read i 
ona Bourdon g: gage at the level z of the pc point in question) andy 7 is s the unit weight 
of the water. - The datum above which z is measured is arbitrary but must be — 
the same for all sections. Likewise the same consistent units of measure (such 
as s feet, seconds, and poten must be used to exp express all quantities involved. 


loss i in Ar between any two o neighboring s — may 


‘almost entirely upon peggonsetiney form of the ‘intervening conduit that 
"produces the loss, and hence may be considered a constant for a given n conduit ; 
_ form, such as a fixed contraction ratio or fixed proportions of an elbow, regard 
_less of the conduit dimensions. «dt follows at once that the loss Hy through a 
given type of fitting under a given discharge may be reduced by increasing the 
size of the fitting and thereby reducing g in accordance with Eq. 1 or by 
"streamlining the fitting to reduce Cz in Eq. 5 as far ‘as possible toward its ideal 


Tn a free jet the pressure intensity is the of the 


air is assumed to have no effect upon ey jet, the lo loss F “ will equal | Zero, _ 


and application the physic al laws of free 
Vi 1 cos at and 2 => Vi sin a (7) 


in whieh ¢ is the time of fall, will yield f for the nozzle inclination @ and the efflux 
velocity V1, a parabolic trajectory having the maximum height ie se 
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section consists of velocity head V?/2 g and piezometric head h 
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FIRE MONITORS NOZZLES 
and the horizontal ran range ge at nossle ed 


2 


max ~ 


Since, as will be shown in the following paragraphs, C, wo a free jet , depends — 


upon far more than simply the efflux velocity, the actual losses and hence 


- 7 the true form of the jet cannot be expressed in any age manner. 


(a) REGIONS OF AND (c) ZONE OF SEPARATION AT 
SHEAR ALONG WALLS UNSTREAMLINED BOUNDARY CHANGE 
Fia. OF TURBULENT Eppres 


SPIRAL 


flowing fluid. ‘may thus be visualized countless eddies of different 


shapes, sizes , orientations, and rotational speeds that are carried along with the - 


flow. sources of such eddies. (see Fig. 1) are of several types: (1) They 
develop on a very small scale in regions of high shear along the walls of even 
smooth conduits; (2) they are produced on a larger scale in zones of 
separation at boundary changes that are not fully streamlined; and (3) t hey 
_ result from major spiral currents f formed i in any conduit transition, such as a 
bend, that is not symmetrical about a linear axis. Practically all wader lense 7 
of head, in fi fact, may | be attributed to such eddy formation, and the magnitude © 
of Cy for any portion of a conduit is a relative indication of the turbulence _— : 
exist in the flow just downstream. 


_ Turbulence it in general is looked upon as an unwanted evil because of “7 
power r loss it entails. In the case of fire’ streams, however, the loss 
power accompanying the formation of turbulence within the monitor 
h nozzle is of small consequence compared with the subsequent loss that —_ 
— from the presence of turbulence in the free jet. The latter is due to the fact 
that the secondary motion within each h eddy of turbulent flow has transverse © 


velocity that, although usually small in comparison with the mean 


are laterally confined, as: is s the flow itself, by the conduit. walls. 0 A - free jet | is 
not. confined, however, except by the rather slight effect of surface —_ 
Therefore, any lateral motion o of the fluid due to an eddy will continue prac- : 
tically past the original jet surface, with the result that only a short 
distance beyond the efflux section a turbulent jet will display a multitude a 


irregular surface eruptions, 
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MONTTORS AND NOZZLES 


Fig. 2), are not produced by the action of the air, for they | would appear just as 
— readily ina vacuum. In fact, the density c of the air is so low - (1/800 that of 
_ water) that its effect upon a smooth jet would be quite small i 1 in comparison to 
- other factors. It is only after the surface of the jet has become sufficiently © 
— to produce an appreciable form resistance that the action of the air 
begins. Such resistance is roughly proportional to the square of the water 
velocity and to the cross-sectional area of the expanding jet. 7 Thus, ‘as ever 
aa eddies carry water laterally | out of the central stream, they : are rapidly — 
_ retarded i in their longitudinal course by the surrounding ¢ air, but they continue 
_to spread laterally at only slightly diminished speed. ~ Although the outermost 
- fringes: of the jet at once form droplets 1 that fall as a spray, | the central ‘al portion: 
_ appears simply to disintegrate i in midair. In other wo ords, since the equal an d 
opposite reaction to the retardation of the water is the acceleration of the sur- 
‘rounding air, the originally’ intact but turbulent jet is ; transformed along its 
14 endear into an expanding mixture of dispersed water drops and air that 


travels at an 1 ever-decreasing speed but brings an ever-increasing volume of air 
a! Turbulence of the water emerging from a fire nozzle i is hence seen to embody 
three distinct detriments to its efficiency as ¢ a fire- -fighting tool. First , the 
- original formation of the turbulence in monitor and nozzle represents a reduc- 
tion in flow efficiency. _ Second, because of the lateral spread of the eddies in 
the free jet, air resistance reduces both the concentration and the c carry of the 


stream. Third , entrainment of of the surrounding atmosphere by the seadheaad 


jet produces a } powerful flow of air r directly toward the fire. _ (asm 
Improvement of Fire  Streams.— —From the foregoing discussion it can be 
concluded that the only way to increase tl the efficiency 0 of a fire s stream is to. 
decrease the turbulence of the flow before it leaves the nozzle. Although a 


SPEED Puotocrarn oF TURBULENT Jer, 1/20,000 Second 


nonturbulent) jet t would be ideal, this is is unfortunately 
eo of the question for water. jets having diameters and velocities s of practical 
interest. Laminar: seldom ata — greater than 2,000. 
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‘could » not exceed a | velocity of i ft per sec without becoming turbulent . The 
fact ‘remains, however, t that pn turbulence of a jet may be controlled toa 
degree. Since the control of turbulence has not been 1 the specific 


6-In. inside Diameter 


one — Wall Presometer 


23 in. Inside 
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Fra. 3. —Fixep Monrrors 


; incorporation of the pr principles c of fluid mechanics i in n such design should. effect a 2 


_ Wind- tunnel’ and water-tunnel® requirements are closely allied with those 
of fire monitors and ‘nozzles, for the flow at the test section of either ‘type « of 
tunnel must be of high velocity and yet as free from turbulence as possible. 


N early all such t tunnels: include: (a) Miter bends with curved vanes to guide the _ 
flow smoothly around | every turn; (b) a very gradual | expansion into a large | 
approach section containing fir fine screens OF honeycombs, in which the flow is 
finally allowed to “still” at low velocity; and (c) a well- formed nozzle, through | 
which the fluid is continuously to the desired ‘maximum speed. a 
In a fire monitor the passages 8 should be free from cross-sectional discon- 
tinuities s and should be of maximum dimensions commensurate with practicable 
-over- -all size—on the one hand to reduce the power . loss and on the other hand 7 
to hold the energy of the turbulence to a minimum - The bends should not 
have the sweeping curves of the familiar rams-horn style, for these introduce _ 
secondary spiral currents (Fig. 1(d)) that persist far into the Rather, 
miter bends with vanes should be used at all turns beyond the monitor base. 


> 


> In the approach section or | barrel, | a series of fine screens would be desirable to . 
Bf _ 7“Experimental Methods—Wind Tunnels,” by A. Toussaint, published in Aerodynamic Theory, ed. by ; 


F. Durand, Julius Springer, Berlin, Vol. III, 1935, p. 252. 
__ _ §“Cavitation and Pressure Distribution—Head Forms at Zero Angle of Yaw,” by Hunter Rouse and 
8s. ‘McNown, Bulletin 32, State Uni Univ. of Iowa Studies in Iowa 1947. 
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The exact form of the nozzle i is no not critical 80 long as it does not in itself 
introduce turbulence. Standard nozzles are u usually made with a 7° conver- 
gence, although it it is only in diverging sections that such small angles are. y.  - 
essential i in the control of turbulence and separation. In fact, the shorter the 7 
‘nozzle (that is, the larger the angle of convergence), the lower the degree of 
- turbulence generated along the walls. If the angle is ; too great, however, the 
gone of partial stagnation at the base (Fig. 1(6)) will shed eddies of its own 
production. Hence the nozzle should not be either too short or too long. 
‘Standard nozzles generally have cylindrical tips for final stability, frequently 
with abrupt angles between cone and cylinder (Fig. 1(c)) that again shed eddies 
and id may conceivably result in cavitation (the formation of vapor pockets). 
Proper rounding in this zone will eliminate the larger eddies, but the length of 
boundary in in contact with the flow again becomes excessive. — . As a matter of 


fact, a jet emerging 1g from a conical outlet will contract and become | parallel 


in a perfectly stable manner without boundary guidance, and hence the most — 
efficient nozzle should hi have no cylindrical tip at all. A high polish of the i inner 
‘surface should not be ne necessary, provided appreciable surface irregularities a are 
not t present, particularly n near the outlet. — _ The projection of gaskets into the 
“flow “Passage (an evil all too frequently ignored) can wholly offset gains other- 


, and hence should be avoided by proper mechanical design. 


EXPERIMENTAL EQuipMENT AND PROCEDURE 


Monitors: and Nozzles. —Supplied by the United States Coast Guard as a 
basis for test cena 3-in. and 6-in. fixed monitors (Fig. 3), 


Wall Piezometer_ = 


a a iezome er 

22-In. Inside Diameter 


“Fire: Hose inlets 


a and byt the United States Navy a a standard portable 1 monitor (Fig. 4), , each 1 with 
‘a series of standard nozzles. The 3-i in. proposed for 


remaining large-scale eddies into small ones that rapidly decay; however, 
screens would be turbulence generators rather than dissipators as the 
| 
we 
| 
4 
| 
@) NAVY IOWA INSTITUTE OF HYDRAULIC RESEARCH 
through 360° horizontally and 70° vertically. Nozzles were of the usual 7° 
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3 FIRE MO MONITORS AND NOZZLES 
and- cylinder type with polished inner surfaces, nies boundary angles, and 
inwardly protruding gaskets, and ranged from 1} to 2} in. in outlet diameter. 
The 6-in. “monitor shown in Fig. 3(b) had a 30-in. vaned barrel, ‘and could be - a 
directed by worm drives through 360° horizontally and 120° ' vertically. _ The 7 
: nozzles were quite similar to those of the smaller unit, and ranged from 13 in. 
to 3 in. in outlet diameter. e The portable monitor shown in Fig. 4(a) had three 
hose inlets with check valves and a 15-in. barrel. It was designed f for lashing in — 
“position but could be swiveled manually through 360° horizontally an and 90° 
vertically. Nozzles ranged from 1} in. to 2 in. in outlet diameter and differed ; 
from Only one fix in ‘greater length of of cylinder. 


adapted to ‘different monitor sizes by the principle le of geometric similarity. 

As indicated previously, the essential design criterion was the reduction of eddy 

; losses and secondary currents toa practicable minimum in order to attain flow 

in the barrel with as low a degree of turbulence as possible. - ‘The flow passages 
were, therefore, enlarged and straightened, and the sweeping curves of = 

usual rams-horn were replaced with vaned miter bends. Since 1 the purpose 


7 


12" 
() STANDARD U. S. COAST GUARD 


of f the | project: was the improvement of ‘the flow characteristics } only, no heed 
was given either to external construction or to mechanization, and standard ~ 


- was used with | welded, flanged, or Victaulic ¢ (swivel) joints, placed whe where 
most convenient for test assembly and operation. 


: 
fay 
4) were Dy the institute as recommended forms. an 1 S1ZeS 
were not investigated, since significant variation in design is not permitted 
- 

— 

| 

| Fs { 

— ‘ce (a) EXPERIMENTAL FREE-CONTRACTION NOZZLES PRODUCING 12-IN. JET AT VENA CONTRACTA 

MONITOR NOZZLE 

ta 


In to verify the predicted criteria. for. nozzle design, systematic 
_ Series of contraction profiles, varying from a plate orifice to a long taper, both. 
_ with and without -eylindrical tips, were constructed of brass (see Fig. 5). . The 
eternal form was again determined by expediency rather than ultimate use. 
In all cases, however, not only was the i inner surface carefully machined, but a 
smooth, , gasket- free, metal- to-metal joint ‘was ‘obtained between barrel and 
nozzle or nozzle parts. Supplementary nozzle forms included several with 
roughened surfaces and other internal obstructions, as well as one with a profile 
consisting of two cubical curves that electrical- had 
_ shown to yield a continuous pressure drop from base to tip. Each nozzle of 
—_ this series was constructed and tested in the 13-in. size only, but the form 
finally recommended was repeated ir in diameters of 1}, 2, (23, and 3 in. for the 
fixed monitor and 13, 13, and 2 in. for the portable 1 monitor. 
Pumping System.—Since the Tequirements of the monitor test program 
(maximum stream diameter of 3 in. and maximum base pressure of of 200 Ib per 
- sq in.) were far in excess of the high- -capacity, low-head pumps of the Institute 


_ abort ory, a —— of 8 standard Hale fire- boat pumps, driven by — 


a = 


= 


Manifold 


/ 


Sampler Tubes 


Ys 


6.—Layout or Test GALLERY 


“12in, suction line vane from a sump in in the 10-ft channel or drawn individually 
through standard 4-in. suction hoses from the 16-ft channel below. All pumps 
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FIRE MONIT 


pore toa on the of the shelter. 
_ Unless each | of the centrifugal | pumps in a parallel system o! 
é operates at such ‘a speed as as to 0 yield the same change i in head, one or more =: 


Samper Tubes” 


Positioning 
Mechanism 
WA 


a 


10 Ft — 


Section AA 
2. —SaMPLer- -TuBE BEAM AND Onsenvarion Can 


‘resulting. Therefore, it was necessary an individual operator every, 


two units in use . A 15-in. in. Bourdon gage mounted on the pressure manifold — 
observation by ‘Supervisor, who w: was -Tesponsible for 


Pressure-Discharge Calibrations—Secondary lines of fire hoses connected in 
parallel to a 6-in. pipe permitted each of the five monitors to be mounted above © 
the two. 18,000-lb scale tanks of the Institute laboratory for accurate determina- _ 
tion of discharge cx coefficients. a Since many of the nozzles tested produced con-— 


tracted jets, the outlets were repeatedly machined until all jet diameters were 
within: 1% of 13 in. Jet profiles in the outlet vicinity were measured with _ 
“a plane. A similar 1 mounting permitted velocity traverses of the e contracted 
_ jets to be made with a Pitot tube formed of a 0.05-in. hypodermic needle con- 


: Wall piezometers were installed in each of the five monitors at key points — 
(see wigs. 3 and 4), so o that b ome the over-all losses and the relative losses at each 
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transition on could be determined. For comparative operation of the 


monitors, the same pressure in the supply | pipe at the ‘monitor base was main- 


tained in all cases. 


or laboratory conditions free from atmospheric disturbance, a test 

Ww was e established in the 10-ft 
channel running under the Insti- 
tute laboratory (Fig. 6). 
ends of the channel were bulk- 


stalled along the sides, thus pro- 
ducing simultaneously a catch 
and storage basin for a ft depth 
of clear water an unob- 
structed test space 100 it long, 
«10 ft wide, and 14 ft high. . The 
south a of f the gallery, contain- 


"manifold from the pumps, was 

only partially s screened, and the 
north end was fully vented 
both the 16- -ft channel on the one 
side and the 4- by-9- ft walkway 


3 


Distar 


> 
open as a first 
“mitted of each monitor 
and identical con- 


bility. 


Observations of the jets s could 
be made in in this gallery in three 
(1) Conditions of 


jet disruption could be studied 
_ by means of high-speed photo- 
graphy, a pair of flash lamps 
operatin from a condenser per- 
P Fia. 8.- Pior oF Jet 90 Fr 


mitting exposures of 1/20, 000 Face: 20° Nosas 
and be determined by means of a special 
q operating by means of a horizontal t beam | of light; and (3) the discharge con- _ 
“centration of the jet at each and every point in any ¢ cross section up to » to 90 ft 
from the nozzle could be measured through use of a point sampler. es 


| 

EI. of Ideal — 
4 3000, — 
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“barely large for two ro observers, be ‘moved on ‘the rails’ 


either side of the enna to. any section of the ¢ gallery. - Mounted on the. front 


through 1 ft vertically oa 4 ft either side of the centerline. - From the e leading 
edge of this beam projected a series of nine 3-in. . sampling tubes, 12 in. on center, 

_ that were connected by rubber tubing to a battery of downspouts within the | 

i eabin. Below these spouts w was a series of graduated -eylinders so framed that 

they could be abruptly alined with the downspouts, abruptly disalined, and 
rapidly inverted to empty. ~ Concentration Tuns consisted of measuring the 
volume of inflow against time for each of the sampling tubes, the beam being 

‘shifted to section after section until a representative traverse (see Fig. 8) of ‘the | 
entire jet had been made. In: zones of was found 


necessary to reduce the size of the — se whe to 2 in. by means of a stream- 
lined i insert and to reduce tl the distance between samples both horizontally an and © 
: vertically. A typical rur run at the common distance of 90 ft from the point Sof | 
efflux involved some 900 individual measurements. 
st Target 1 Tests. —The test gallery had a maximum length t that was far less t than 
the throw « of most of the streams, so further comparisons of performance wi were 


target ft the monitors stand. target (Fig. 9) had 
opening 10 by 10 ft in vertical section, and the rate of flow entering the opening — 
was determined by means of a suitably baffled V-notch weir directly behind © 
and shielded by the target. Owing to the pronounced effect of wind upon the 7 
streams, tests could be made only on relatively calm days. _ Each stream was 
go directed that the maximum quantity entered the target, the same base 
By of 150 lb per sq in. and the same jet diameter of 1} in. being used in a 


cases. Since slight disturbances were immediately reflected in the 


Since the sampler apparatus provide e basis for many performance _ 
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Trajectory Tests—lInitial comparison of the jet trajectories various 
_ monitors® was made by means of photographs of the 1 nozzle streams taken from 
a ‘point on the opposite ‘side of the river, using a fixed-focus camera. The 
; monitors were directed north at an inclination of 20°, with 1 the laboratory 
building as a combined shield and background. This method could not be used 
for final performance tests, however, since at high pressures the spray from the 
- streams interfered with traffic on the bridge 350 ft from the test stand. _ More- 

over, at higher jet inclinations the stream could not be seen distinctly | on the 


against: the | background of sky above the 


Transit 


River - —> | 


300 Ft — 
Target? 

as Pump Shelter 


J 
The e method of observation Sesily's adopted involved ‘the use of a f a surveyor’ 3 
4 transit, on the telescope of which a nonmagnifying | sight with cross wires and» 
- ala large field of view had been mounted. | _ The monitors were di directed diagonally | 
southeast across the river (see Fig. 10), ‘and the absolute trajectories were 
S calculated trigonometrically from readings of the horizontal and vertical circles — 
of the transit : and predetermined | base- line characteristics. _ Measurements were 
‘i carried as far r along -each trajectory a as the stream retained a readily visible core. 
_ A very long period was required to complete these observations, because of ie 


fact t that at satisfactory measurements could be made only under calm or nearly 


calm conditions. These conditions ‘unfortunately, only about. 1% 


of the available times 


_ 9“Characteristics of High-Velocity Jets,” — Joseph W. Howe and Chesley J. Posey, Proceedings 
_ Third Hydraulics Conference, Bulletin: 3l, State Univ. of Iowa a in Engineering, Iowa City, Iowa, 
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ah Discussion or Test ReEsu.ts 
Re Relative Performance of ! Nozzles. —Gallery tests on each of the nozzle forms 
‘shown in Fig. 5 resulted in contour plots of discharge concentration similar 
to those of Fig. S By integration of the successive contour areas, each of these 
plots was reduced to a single characteristic curve of percentage of total nozzle 
discharge. against cross-sectional area. typical family of such curves, cor-_ 
_Tesponding tc to the nozzle forms at the top of Fig. 5, can be seen in 1 Fig. ig _ The 

logarithmic a abscissa scale is used to permit convenient study of each portion of 
the field. If the jet from the nozzle remained absolutely intact throughout 
the 90- ft. distance to the sampler, the resulting curve would have the form 
‘indicated by the broken line labeled “intact jet” in Fig. il. The extent to 
which the actual curve falls below this ideal 1 limit is an indication of the diffusion 
that the jet has actua lly undergone. F - Unless a a considerable amount of the sp spray 
from the jet has fallen into the reservoir b before reaching the ‘sampler, the curve 
should approach the 100% line as the cross-sectional area increases; this y por tion 
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_of the curve is otherwise of little interest, since the jet at this point is ne 
_ such a large: area that a great quantity of air tr travels with the water at — 
- fairly high speed. The ‘initial portion of the « curve, ¢ on the other hand, is of 
great significance, as it isa m measure of the relative jet concentration a at the axis. = 
| 38 With regard to the several curves shown in Fig. 11, it will be seen that the 
performance lowest curve) corresponds to the 90° orifice plate. 
That t this i is due to 10 disruption of the e jet by eddies for med i in the - stagnation zone 
at the base of the | plate i is shown by the improvement i in n performance resulting — 
from rounding the plate in this zone. Decreasing the angle of convergence is 
A likewise seen to improve the performance, largely because of the corresponding - 
reduction in eddy formation the steadily diminishing stagnation ‘sone. 
Eventually, however, this ef effect i is is not | only minimized, but at the same time : 
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effects of the three types es of nossle ie. . The: ianteadl type with abrupt. inter- 

- section between cone and | cylinder v was very 1 nearly comparable i in performance 
to the 90° plate with fillet. - Careful rounding of the. intersection produced a 
marked improvernent, owing to the elimination of the eddies (and possibly q 


vapor bubbles) that are formed at such a discontinuity. _ The maximum oo 
centration was produced by the cone without any ‘cylindrical. tip. whatever, 


aay ~3-Inch Coast Guard 


Percentage of Nozzle Discharge 
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eae 
_ omission of the cylinder shortened the zone of boundary contact with the 
= high: velocity flow. — Velocity trav erses just beyond the efflux section revealed a 
- significant reduction in the thickness of the boundary layer from one case to 4 
the next. Moreover, jets: emerging from nozzles without tips invariably 
/ tended to | appear crystal clear in comparison with the milky whit whiteness of jets 
from cylindrical tips with abrupt discontinuities. 
on _ Supplementary tests with the nozzles included artificial production of the 7 
three types of f eddy fc formation leading to jet et diffusion. 7 Vanes and bafiles in th the 
approach barrel simulated the effects of upstream bends or. obstructions, re 


sulting in large-scale disruption of the stream. Boundary irregularities 
ble to protruding accretions caused te a 


4 FIRE MONITORS AND NOZZLES 
ime length of boundary begins in turn to augment the surface 
bulence, so that optimum performance is found at an intermediate angle 
| siderably greater than the standard 7°. 
— 
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‘smaller still serious degree. ‘Finally, increased sed length of cylindrical tip 
produced . a marked tendency of the stream to surround itself with a fine mist 
that appeared to protect the central stream to some extent from the surrounding © 

air but rapidly fell below the mean trajectory. It is noteworthy that minute 
nicks at the very tip of a a nozzle yielded perceptible furrows in the jet which 

gradually expanded into regions of appreciable dispersion. Although: the 

- nozzles constructed by the Institute were all given a sharp | 90° edge at the end a 
of the contraction, it was subsequently found that a short (}- to 


could be used for contraction angles as low as 26. 


1 FEET FROM NOZZLE 


(a) 15 


(b) 5-FEET FROM NOZZLE. 


L (e) 85 


x (d) 12-FEET FROM NOZZLE § 


Jet From 3-In. Coast Guarp MoniToR Jer From Institute Fixep Monitor 
affecting the free jet. 2 Not only is such an wits easier | to fabricate, but it also 
serves to protect: the critical portion from damage. 
hs The foregoing analysis 0 of comparative tests on the nozzles themselves leads’ 7 
to ‘the conclusion that, aside from the absence of boundary discontinuities, the 
- best form of nozzle i is one that ; results i in ar minimum length of contact between 
wall : and fluid and yet produces a a minimum eddy effect from the ‘stagnation 
"zone at the t base. Although these factors tend in opposite directions, there i isa ‘ 
considerable intermediate range of form that satisfies the requirements to e 
7 acceptable degree. The form chosen by the Iowa Institute was the 30° 


profile with well-rounded base and free contraction, shown in Fig. (5(@). 
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Relation Performance 0 of Pized an and Portable Monitors. part to. 
“ larger flow passages : and in 1 part to the reduced losses through the vaned . 
bends, the flow efficiency of the Institute monitor with the recommended nozzle 

was appreciably higher than that of the 6-in. Coast Guard monitor (with a 
— rather than a standard nozzle) and considerably higher than that of ; 
the 3-in. Coast Guard monitor with a standard nozzle. —siMOf the rate of discharge 7 
_ is expressed i in terms of the base | Pressure head hy in the supply main and the = 
discharge coe 


Monitor 


In words, the Institute will about 3% mor more water 
_ than the 6-i -in. Coast Guard monitor and 7% more than the 3-in. monitor at the 


a same base pressure. 7 Similarly, if the aetna loss i in a ian is expressed in 
terms of the jet head as 
= Coast Guard... 


Evidently, the power requirement of the Institute monitor is 5% below, ‘that of 
the 6-in. Coast Guard and 15% below ‘that of the 3-in. one at the same discharge. 
Gallery: tests for jet concentration produced by the three monitors with 
13 3-in. . jets operating at the same base pressure of 100 Ib per sq in. resulted in the 
on curves plotted in 1 Fig. 12. The performance « of the 3-in. standard monitor — 
is obviously quite inferior. “"ithough the Institute monitor does not at first . 
oS seem much superior to the larger Coast Guard monitor, it should be 
= noted that the peak concentration, 90 ft from the nozzle, was actually 60% — 
_ greater than 1 that f for the larger a and some 14 times as great as that for the smaller = 
one. % High-speed: -photographs of the’ jets from the 3-in. Coast Guard and the 
Institute monitors over the first 14 ft of their course (Figs. 13 and 14) show _ 
-graphically the comparative degrees of turbulence producing the diffusion. 7 
a Essentially the same relative performance was indicated by the target ‘The 


over a 200-ft range \ with 1}-in. jets at a base pressure of 150 lb per sq in. “ The 


-3-in. Coast Guard monitor fell short of this throw by s some 15 ft and hence was 
- — omitted from further study. The Institute monitor showed an improvement of 
“g 26% over the 6 6-in. Coast Guard monitor, based on the proportion of discharged By 


water r striking the target, and an improvement of 32% based on the ‘total 
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unt of water nae in a given time while operating at the same base 

Final ¢ comparisons involved the measured trajectories streams from 

in., for base pressures of 50 

and 150 Ib per sq in in., and at 20° and 50° sitions The results are shown in 

Fig. 15, together with the ideal trajectories for the ‘discharge of the Institute | 

monitor | under the four conditions. The Institute monitor obviously leaves 


much to be desired w with the ideal On the other hand, its 


40% better t rie that of the sm smaller. 


independent of base pressure and 
- Although the portable Navy. ; monitor was comparable in size and weight 
to the 3-in. Coast Guard unit, it was as generally su superior or in performance. © . Asa 
result, the i improvement obtained with the portable model constructed by the | 


hes 
— was considerably less than that with the fixed model, The discharge 
coefficients of the two portable monitors were as follows: —_ a Zn 

0.900 

Institute portable. 


At the same base 5 pressure, the Institute monitor will thus | discharge about a 


at “more water than the Navy monitor (under the same conditions, the Navy 
portable will deliver 2% less than the small Coast G Guard | The loss 
coefficients were likewise as. follows: 


“Institute poorer 
» the Navy portable monitor require 17% 
— power than the Institute r monitor (it will, on the other hand, require 7% 
more than the small Coast Guard 1 unit). — - Gallery 7 measurements, the results of 
which are plotted in Fig. 16, showed the Institute portable to produce an 
_ appreciably lower rate of jet dispersion, with a peak concentration about 23 
7 _ times that of the many pene monitor (which was, in turn, 4 times that of : 4 
the small Coast Guard monitor). the target tests, the Institute portable 4 
monitor showed improvements of 12% and 17% in 1 proportion of discharged 
water and in total amount of water caught, respectively. Records of traje ctory 
_ tests, reproduced i in Fig. 17, indicate that the throw of the Institute | model i is 
about 15% g greater. than that of the Navy portable (the latter being some 10% ’ 
greater than: that of the small Coast Guard monitor). The 
— both portable | units was essentially independent of the number of suppl: 
oe Mention should be made at this point of tests on honeycombs conducted 
with the larger Institute monitor. . Since the | passages of this ‘monitor were 
call of the same e diameter, the same honeycombs could be placed in ‘either the 
_ barrel o or the har eH Two geometrically ‘similar honeycombs, 4 i in. and 6 in 7 


. steel plate by slotting each set of plates over half 
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MONITORS AND “NOZZLES” 


‘The square passages of one unit were } in. wide and those | of the other were » Zin. 
wide. Anti- swirl devices of this nature can be e expected t to reduce the scale - 
(eddy size) of the turbulence o: only to a _ degree c commensurate with the size of 
, the passages. — As in the case of the turning vanes, finer openings than those 
investigated were considered impracticable, since even the slightest fouling of 
a the coarse units with debris produced a marked effect upon the jet dispersion. 
_ Asa a result, essentially the > same jet characteristics | were obtained either with — 
or without a honeycomb i in a barrel of the length shown in Fig. 3. r - Although | 
shortening the barrel to half this length made a honeycomb necessary, doubling 


the length produced no » chs ange Ww nether or not a was: 


length and joining ng the respective sets in familiar fashion. 
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‘would ensure. ‘That a a relatively poor flow, on the would be consid- 
erably improved by even a@ coarse honeycomb was graphically 

strated by reversing the Institute monitor—that is, by connecting the barrel 7 
_end to the supply line and placing the nozzle directly on the end of the inverted - 

Y-shaped base. ' Without a honeycomb the jet was extremely poor, whereas — 

with a honeycomb ; a short distance upstream from the nozzle the jet became 

fairly acceptable. Although nearly all measurements described herein were 


described showed this to be neither necessary nor desirable with 
abarrel of normal length, 
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rock extending over the full cross cated of the tank pa held i in place by wire 


‘mesh, , thus leaving an additional 4 ft of unobstructed p passage before the 
rounded entrance to the nozzle. The result was disappointingly poor, the jet 


being comparable to that from the small Coast Guard monitor. Later tests 
‘made by the Institute on the characteristics of flow through screens!® pointed 


{ clearly to the source of the | trouble: >: unless t the ratio. of open to closed area is 
greater than ur unity, a a baffle n may do more harm than good. - The crushed rock, 7 


_——-—— Theoretical Trajectory 

U. s. Navy Monitor 


inFeet 


— Pressure 50 Lb per per Sq a 


— 


{ 
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Height z, 


Base Pressure 150 Lbp 


Monrrors WITH 1}, 13, AND 2-In. Jets 
in other w ie: very likely produced nearly as many disturbances as it a, 
nated, and the subsequent length of tank | was not sufficient to damp the large- — > 
seale eddies remaining in the flow. 
‘While the concentration and throw of a fire stream still can vastly. 
- improved, , it appears: from the foregoing tests that this could be accomplished | 
only at the. expense of ‘such other practical requirements of the monitor as. 
lightness and maneuverabilicy. If the approach passage were of the same 
relative diameter, length, and gradual taper as that of a stationary wind or 
3 vater tunnel, the turbulence (and hence the rate of jet dispersion) could prob- 
ably be reduced to: a small percentage of that of the Institute monitors; such a 


system would, of ¢ course, be both prohibitively and v very difficult 


te 


_. Ae Investigation of Flow Through Screens,” by W. D. Baines 
- American Society of Mechanical Engineers, Vol. 73, July, 1951, p. 467, 
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ting was another supp ber available—a pressure 
Equally largest stilling chambe further reducing the 
‘ t one end of he hope of furtl 
7 ‘mo + ft in diameter and 6 ft long— lies, the discharge from the me 
tank 2% ft in diame amon practice in hydrau 
_is common practice in hydraulics, 
_ turbulence. As is com 
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mechanize. Although a shorter approach might be fully as effective if it were 
_ posible to make the turning vanes as small and numerous as in a wind tunnel — 

to include a series of fine stilling screens of low solidity ratio, an arrange- 
ment of this nature: would be practicable only with very clean w ater. In view 

of these circumstances, , the two monitors developed by the Institute _ were : 
- ‘assumed to embody the optimum improvement possible without undue change 7 
_ in size or difficulty of manufacture. Hence, these units were used as the basis: - 

Performance Tests” of Recommended Monitors.— —Since three e independent 

: variables—jet diameter, base pressure, and inclination— —were involved in the 
final tests of the Institute monitors, the effect of any one variable upon the © 7 
‘stream could be studied only if the other r two were at the same time held 
constant. The se series of tests, therefore, involved measurement of the stream 
coordinates at base | pressures 0 of 50, 100, 150, and 200 lb per sq in. and at . . 


angles o of ”, 30°, 40°, and 50° for all nozzles. — The latter included jet diameters 


i 
of 13, 2, 23, and 3 in. . for the fixed monitor and 13, 13, and 2 in. for the mererewaa . 


To facilitate janpeeiiinas two different systems of plotting were followed. ] 
The first | represents a series" of superposed curves for different nozzles and 
_ pressures at constant inclination, successive plots of this nature corresponding 
the different inclinations. ‘The second represents a similar series of 
posed curves f for different nozzles and inclinations at constant pressure, suc- 
cessive e plots ¢ corresponding to the different. pressures. Since neither system 
contains information not readily available from the other, only the constant-_ n 
pressure plots are presented (see Figs. 18 and 19). In each instance the it Z 


trajectories for the corresponding discharges are shown. wh, 


: Aside from the general value of these performance diagrams, careful in- 
spection will indicate the following. significant facts: First, the effect of jet 
_ diameter upon the departure from the ideal trajectory is relatively small for — 


t he fixed monitor and imperceptible for the portable monitor, at least: over the | 
‘range investigated. Although this effect necessarily involves both the absolute 


size of the jet and its ratio to that of the monitor, it should be possible to utilize 
these curves with good ‘approximation for monitor and nozzle dimensions : a 


reasonable fraction larger or smaller than those investigated. — Second, since 
the degree of jet disruption ata given Pressure depends primarily upon distance 


traveled, the horizontal length | of throw of the actual jets tends to reach a 4 


- maximum sooner and then to decrease more rapidly with increasing angle 
of inclination than does the ideal trajectory. y. Except for the lowest pressure, 
the maximum horizontal throw is seen from Fig. 20 to occur at about 30° rather 
than at the ideal (45°. _ Finally, whereas the coordinates of the ideal trajectory 
increase with the square of the efflux voneey (that is, , with the first power of the 


jo the angle of diffusion independent. of. the velocity: however, the lat- 
still controls the intensity of droplet “dispersion the air. As a result, 


continued increase in the press sure does | not produce a comparable i increase in 


- length of throw but eventually ¢ even leads to an appreciable r reduction. * _ The 
commnary sane of Fig. 20 indicates that a point of diminishing returns is reached 
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-——— Theoretical Trajectory 
Zin, Jot 
Jet 
» 
BASE PRESSURE, 150 
POUNDS PER SQUARE INCH. 


Distance z, in 


pe 
| 7 2 im 
BASE PRESSURE, 50 POUNDS PER SQUARE INCH 
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18.—PrrrormMaNce Curves For RECOMMENDED Fixep Monitor wIitH 1} 3-IN. Jets 
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BASE PRESSURE, 5000 
POUNDS PER SQUARE INCH 


———"(b) BASE PRESSURE, 100 


= eT POUNDS PER SQUARE INCH 


etical Trajectory 


in Feet 


ght z 
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——~ (c) BASE PRESSURE, 
20° POUNDS PER SQUARE INCH 


50100 


Fig. 19.—PerrorMance Curves ror RECOMMENDED PorTaBLe Montror WITH 1}, 13, AND 2-In. Jets 
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_ at a pressure not mi much a above 1 150 50 lb x per s sq in, Although: this point 1 may be a 
expected to advance somewhat with i increasing g nozzle and monitor | size, higher 
pressures than t! those investigated should be of little use. 


CONCLUSIONS AND RECOMMENDATIONS 


we Investigations made by the Institute have indicated that the ennitieaiie 

' difference that exists between the actual and the ideal trajectories of fire | 

ee is due p: primarily to the turbulent eddies pr present in the flow as it leaves o 

the nozzle. — Complete elimination of turbulence would not necessarily result 
ina perfect s stream, since the action of the air on the surface of the high- velocity 

: flow could still form capillary waves whose variable resistance would eventually 7 

4 lead to disruption of the stream as a whole. A turbulent at jet, on the contrary, 
would spread rapidly even in a vac vacuum. Only ‘after the eddies break the jet a 

surface d does the resistance of the air pronounced, the the 


ure, in Lb per Sq In 


& 
4 


Base Pr 


and 


200 


Fre, 20.— ‘SSuMMARY PLOT FOR THROW (OF Recommanpap FIxeD 


air is br ought into we: ‘The extent to which h fire streams cz can 1 actually be _ 
improved through reduction of turbulence is ‘governed almost ‘entirely by 
practical considerations. — Since | the e long approach passage, the large stilling 
section, and the fine turning vanes and screens of low-turbulence wind and water 
tunnels cannot be reproduced well in a fire monitor, considerable turbulence 
must still be expected under even the best conditions. _ Nevertheless, the fore- 
going g studies indicate that its intensity n may be reduced to ‘an appreciable. aad : 
The form of nozzle recommended by the Institute « on ‘the basis of — 
studies has a well-rounded a relatively convergence, and an 


zone 
of ‘eddy formation the base ‘that would exist in very short noses; © the 
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ine was chosen as the most desirable, this angle 1s no e critical factor in 


= 


excess surface resistance and formation of fine- -scale turbulence - in very long 
nozzles; and (c) the region of separation and possible cavitation at an abrupt: , 


juneture between the usual nozzle cone and cylinder. Of comparable im- 
portance but of somewhat different category is the elimination of a gasket that 


_ could (and frequently d does) project into tl the flow at the nossiobase. = =—S ‘ 
Table 1 shows schematically the general details of the recommended nozzle 
profile. ‘sd The diameter of the barrel is taken as the reference dimension, 


all other dimensions are given as ratios thereto. _ Although the r relative oll 
diameters could conceivably be made either greater or smaller without undue 
in performance, the shown i is judged to cover 


TABLE 1.—Cmaracreristics oF RECOMMENDED Fire } Nozze 


Ratio | Ratio Coefficient of 
0.250 | 0.279 | e 
0.300 | 0.335 0.806 im 
0.400 | 0.446 | 
0.450 | 0.501 
0.500 | 0.557 | 0.825 | 
| 
7 
a jets of the relative diameters indicated, and other sizes may readily — : 


nozzle discharge based upon the equation 


OH DORE OHA S 2H 


te which a is the area of the contracted jet and hp i is the piezometric | head i in : 
barrel approximately a diameter upstream from the nozzle. 
Two alternative locations of the nozzle joint are shown in the figure— one. 
at the base and one along the contraction cone. bs That at the base is preferable 

so far as the flow i is concerned, but the ‘resulting nozzles would be heavier ond 
‘more costly. That along the cone will require greater precision of fabrication, _ 
but the nozzles would be far lighter : and less expensive. ~ In either instance the 
nozzle seats tightly against the barrel without a gasket between the surfaces; 
‘if a gasket is needed for an absolute seal, it should have the form of an external 


soft- rubber O-1 -ring as shown. Although fire nozzles are usually turned pains- 
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ote (but not always ays accurately) out of brass. castings piece by ] piece, it 
_ would appear quite possible that far cheaper, lighter, and more accurate units 
could be formed of plastic from a ‘single, carefully made die and mold. Under 
the latter circumstances, the base joint would be preferable and quite feasible, _ 
and the the nozzles could be considered expendable if and as the 2 tips became P 
damaged. . The latter’ tendency should be minimized by the \ very short tip 
cylinder shown n in the ¢ drawing; t this i is merely for protection during handling © - 


since the stream springs completely ‘free at the inner edge. 

_ The monitor itself is subject to three general requirements: (1) The passages 
" should be as 3 long and large i in cross section as possible; (2) the cross- “sectional 
area should either be constant or yr increase very | gradually in the direction of 
flow; and (3) section | changes should be well rounded, and direction changes an 
should contain ¢ guide vanes. Each of these - requirements becomes t the more 
important the more closely the nozzle is approached. 
a The fixed monitor and the portable monitor designed by the Institute — BS - 
considered at the time of their design to meet these requirements | toa generally 
satisfactory degree, and comparison of their operation with that of the cor- — 
_ responding standard monitors revealed a marked improvement in the concen- 


tration and throw of the resulting streams. The general forms 


: monitors a as s shown i in ‘Figs. 3 3 and 4s are re recommended as the basis for future 


pres that. the essential features of the are “followed. In this 
regard the fact should be. - emphasized that it is the requirements li listed in the 
preceding j paragraph, rather than incidental dimensions, that determine the y per- 
formance. : Moreover, it should be possible to change the absolute size of either 
— unit by perhaps 30% without serious variation in any of the characteristics a 7 
_ ‘Like the design of the horizontal and vertical joints, the method by which ~ 
the vaned units could be constructed in quantity is not within the | scope of 


this paper. ‘The welded ec construction utilized by the Institute was not ex- 


: pensive, and present- -day ca casting techniques are are capable of handling far more 
: complicated 1 units. _ The actual details of the | vanes have been shown only 


schematically, s since their number and “fineness are governed by structural as 
well as hydraulic considerations. _ That is, the smaller and more numerous ~ 
the vanes, the finer the scale of the eddies ‘that they induce—but the costlier 
they a are to fabricate and the greater their tendency to foul with debris. _ The 7 
7 _ number shown n should be regarded as the minimum, the. optimum being that 
- commensurate with practicability. ~ Although their arrangement is also some- 
what flexible (two methods of subdivision being shown), the spacing of their 
leading: and 1 trailing edges must be such as to maintain constant proportions 
betwe een the areal subdivisions at the beginning and end of each flow deflection. 
: _ One feature e of the fixed monitor designed by the Institute that is s' subject 
to modification for several reasons is found in the initial Y-transition from the | 
base pipe to two passages of the same cross-sectional area. This not only | 
adds to the height « of the unit but also results i in an unguided deceleration of of 


flow with accompanying eddy formation. Although distance from 
Yto the n nozzle appears to m minimize the effect of the eddies uy pon the jet, iti is 
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probable that replacem 1ent of this Y vaned of essentially 


stant | total cross- “sectional a area (similar to | that of the portable unit) would i im- 
‘prove the performance to at least. an appreciable degree and would ¢ at 
- time reduce the over-all height of the unit. 7 - A schematic indication of the 
resulting 1 monitor form i is shown in Fig. 21. The upper T containing the joints” 
— for vertical sweep remains the same as before, but the enlarged passage con- 
7 taining the joint for horizontal sweep ends in a vaned T with two tapered “ae 
of noncircular section. These transitions terminate in vaned L’s with circular 
“sections just: ‘prior to the original design. This. improved | design is obviously 
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21.—Improvep Form oF RECOMMENDED Fixep Monitor > ¢ 


sainainaiiias that of the original recommendation, but casting should still 
be quite feasible. In this regard it is suggested that consideration be given to 
the use of stainless steel rather than brass, the vaned portions of the monitor — 
being cast in ‘symmetrical half sections that are are ultimately | welded together — 
The project donctnalin was conducted under Contract NObs- 24084 with the 
Bureau of Ships, United States Navy, y, and Contracts N7onr-495 and NSonr-500 
with the Office of Naval Research. _ The present paper | summarizes the more oa 


detailed information under the § ‘Same title in as 
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the entire staff of the participated in the investigation 
<2 in one manner or another. Particular credit i is due Messrs. . Chesley J. Posey, 


ASCE, many of the e preliminary tests; 3; E. Laursen, 


Assoc. _M. ASCE, who detailed the test monitors; and Dale C. ‘Harris, who 
supervised the « construction 1 and | ‘operation of the e experimental facilities. 
Lieutenant W. S. McConnell, of the Coast: Guard, provided valuable assistance 


‘during his summer assignment to the project. = © 
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